background: Exposure of cells to electric fields is a commonly used technique for parthenogenesis, cloning and tetraploid embryo production. However, little is known about possible detrimental effects of electric fields on embryos and their development. The aim of this study was to investigate the effects of electric fields on early preimplantation development in mice and rats.
Introduction
Current technologies for the creation of genetically modified mammals have been developing dramatically. All of these methodologies include large variety of different treatments and micromanipulations with preimplantation mammalian embryos.
It has recently been reported that widely used manipulations with embryos such as pronuclear microinjection, intracytoplasmic sperm injection, piezo-driven injection, cytoplasm and nuclear transfer, electrofusion procedure and in vitro culture techniques can induce DNA damage and epigenetic modifications in the embryos, changes of gene expression in early pre-and post-implantation embryos, apoptosis, a decreased cell number in blastocysts and lower developmental potential in vitro and in vivo (Tielens et al., 2006; Yamauchi et al., 2007; Yu et al., 2007; Koo et al., 2008; Morgan et al., 2008; Zhang et al., 2008a; Cheng et al., 2009) .
The electric field has potential as a research tool for various biotechnological experiments with mammalian gametes and embryos.
Electric field-induced parthenogenetic development of oocytes has been performed in mice (Rickords and White, 1992a,b) , rats (Krivokharchenko et al., 2003) , hamsters (Suzuki et al., 2001) , rabbits (Ozil, 1990) , cattle (Tanaka and Kanagawa, 1997) , pigs (Kure-bayashi et al., 2000; Zhu et al., 2002; Hirao et al., 2003) and goats (Zhang et al., 2008b; Guo et al., 2009) . Electrical activation can be used to facilitate fertilization and early embryonic development after ICSI in humans (Zhang et al., 1999) .
Physical and chemical treatments are well known to induce cell fusions. Membrane fusions can be achieved by Sendai virus infection, polyethylene glycol or by application of an electric field. Development of electrofusion avoids the possible toxic effect of the other methods on embryos (Zimmermann, 1986) . Currently it has become most popular due to its easy use and has many applications in various embryological experiments.
Electrofusion was first applied for cloning and is currently used to fuse donor karyoplasts to enucleated cytoplasts in somatic cell nuclear transfer (SCNT) in different mammalian species such as sheep (Wilmut et al., 1997) , cattle (Kato et al., 1998; Booth et al., 2001; Oback et al., 2003) , mice (Ogura et al., 2000) , pigs (Polejaeva et al., 2000) , horses (Galli et al., 2003) , ferrets (Li et al., 2005) , rats (Popova et al., 2009 ) and other mammals.
Electrofusion of blastomeres is a reliable technique for tetraploid embryo production in mice (Kubiak and Tarkowski, 1985; Nagy et al., 1990 Nagy et al., , 1993 , rabbit (Ozil and Modlinski, 1986) , rats and cattle (Curnow et al., 2000) . Most importantly, tetraploid embryos obtained by electrofusion have been applied to chimera production in mice, in which either embryonic stem cells or induced pluripotent stem cells are used for tetraploid embryo complementation (Nagy et al., 1990 (Nagy et al., , 1993 Eggan et al., 2002; Boland et al., 2009; Zhao et al., 2009) .
Electrofusion can also be used to increase the oocyte volume for SCNT (Sayaka et al., 2008) and for introduction of large amounts of donor cytoplasm in mature human oocytes (Cohen et al., 1998) . Furthermore electrofusion can be a very efficient method for novel developments in assisted reproductive technologies that could eliminate the transmission of mitochondrial diseases in affected families; these technologies include cytoplasmic, germinal vesicle and pronuclear transfer (Craven et al., 2010; Tachibana et al., 2010) . The fusion technique is also used for production of human SCNT embryos (French et al., 2008; Li et al., 2009) .
Efficiency of electrofusion and electroactivation depends on numerous factors, such as electrical parameters, fusion medium, type and characteristics of the cells, compositions of the cell membranes and cytoplasmic contents. In previously published data, attention has been focused on choosing the optimal parameters of electric field with the aim of improving efficiency of cell fusion or oocyte activation. However, only a few studies have investigated the possible detrimental effects on embryos. Thus, little is known about sensitivity to electric fields of mammalian embryos of different species and at various stages of early preimplantation development.
In the present study, we used mouse and rat embryos as a model to investigate the sensitivity of metaphase II (MII) oocytes, pre-activated oocytes, zygotes and 2-cell stage embryos to electric fields. We examined the efficiency of parthenogenetic activation of oocytes and tetraploid embryo production after electrical stimulation in a voltagedependent fashion. Furthermore, we evaluated and compared the developmental ability of treated mouse and rat embryos in vitro.
Materials and Methods

Animals
Female C57BL/6N mice for superovulation induction (23-25 days old) were obtained from Charles River (Sulzfeld, Germany). Female Sprague-Dawley-Hannover (SD-Hann) outbred rats (26-day-old) were obtained from a commercial animal breeder (Janvier, France).
All mice and rats were kept at a temperature of 21 + 28C in a 12 h light/ dark cycle (lights on 6.00 a.m.-6.00 p.m.) with a humidity of 65 + 5%. All experimental protocols were performed in accordance with the guidelines for the humane use of laboratory animals by the Max-Delbrück Center for Molecular Medicine and were approved by the local Ethics Committee.
Mouse and rat embryo collection
Immature mouse and rat females were induced to superovulate by intraperitoneal injection of gonadotrophins: 5 IU for mice or 15 IU pregnant mare's serum gonadotrophin for rats (Intervet, Unterschleißheim, Germany) followed 45 -50 h later by 5 IU for mice or 30 IU hCG (Intervet) for rats (Popova et al., 2002 (Popova et al., , 2005 . Superovulated females were sacrificed by cervical dislocation. Ovulated oocytes were collected 16 -18 h after the hCG injection. To obtain zygotes, superovulated females were mated overnight with males of the same strain on the afternoon of Day 0. The criterion for mating was the presence of a vaginal plug on the following morning (Day 1 of pregnancy). Superovulated females were sacrificed at 12 p.m. -2 p.m. on Day 1 to collect zygotes. The oocytes and zygotes were recovered from the excised oviducts into M2 medium (Sigma) containing 0.1% (w/v) hyaluronidase (Sigma) to remove cumulus cells. Then, the ova were washed in M2 medium and used for manipulations. To obtain 2-cell embryos, zygotes were in vitro cultured overnight in M16 medium (Sigma) and used for experiments.
Spontaneous activation of oocytes
For estimation of second polar body (sPB) extrusion, mouse and rat oocytes were cultured in prewarmed and equilibrated M16 medium.
Parthenogenetic activation of oocytes
Activation by electrical stimulation
For electroactivation, the same protocol was used as described for electrofusion . The oocytes were preequilibrated in fusion medium consisting of 0.3 M mannitol solution containing 0.1 mM MgCl 2 and 0.1 mM CaCl 2 (1 -2 min). They were then placed between the electrodes of a fusion chamber (Pushchino, Russia) in fusion medium. An alternating current (AC) field (8 V, 500 kHz, 10 s) was used in the first step and activation was induced with the aid of a pulse generator (GI-2; Pushchino, Russia). Two direct current (DC) pulses (60 or 30 V, 20 ms) were applied with 100 ms between the pulses.
Chemical activation
Parthenogenetic activation of oocytes by strontium treatment was performed as described previously (Krivokharchenko et al., 2003) . The oocytes were incubated for 30 min in Ca 2+ and Mg 2+ -free M16 medium containing 2 mM Sr 2+ at 378C in a CO 2 incubator.
Diploidization
To obtain diploid parthenogenetic embryos, oocytes from all experimental groups were cultured 7 -8 h in the presence of 5 mg/ml cytochalasin B (Sigma).
Analysis of activation
The efficiency of pronuclear formation was analysed 10 -12 h after treatment. The oocytes were observed under an inverted microscope with Hoffmann optics. Those oocytes that formed visible pronuclei were recorded as activated.
Exposure of pre-activated oocytes and zygotes to electric fields
The pre-activated oocytes and zygotes were pre-equilibrated in fusion medium then placed between the electrodes of a fusion chamber. The same electrofusion parameters which were used for induction of oocyte activation were tested to check the sensitivity of embryos to electric fields.
two different voltages of electric field (30 or 60 V) were applied. Most 2-cell stage embryos were fused within 30 min.
Embryo culture
For in vitro development of rat embryos to the blastocyst stage, 10 -20 oocytes were cultured overnight in M16 medium and transferred into 700 ml mR1ECM medium (Miyoshi et al., 1997) in four-well culture dishes (Nunc) and cultured for 5 days under 5% CO 2 in air at 378C . Previously, the culture medium was equilibrated with the gas phase and temperature in a CO 2 incubator for 2 -3 h. Mouse parthenogenetically activated oocytes, zygotes, 2-cell stage and tetraploid embryos were cultured in M16 medium.
Measurement of reactive oxygen species contents
The level of reactive oxygen species (ROS) in each embryo was examined according to the dichlorodihydrofluorescein diacetate (DCHFDA) method described by Hashimoto et al. (2000) . Briefly, on Day 2 of culture, 2-cell stage embryos were transferred into M2 medium containing 10 mM DCHFDA. After 30 min of culture, embryos were washed and checked using a Leica DM IRB inverted microscope under UV light with the filter at 405 -435 nm for excitation. For detection of DNA, embryos were stained with Hoechst 33342 (5 mg/ml) in phosphate-buffered saline (PBS).
Staining of microtubules and microfilaments
Staining of microtubules and microfilaments was performed according to the method described by Matsumoto et al. (1998) . Two-cell stage embryos were fixed with 4% formaldehyde in PBS at room temperature for 30 min, and permeabilized in 0.25% Tween 20 in PBS at room temperature for 5 min. For staining of microtubules, fixed embryos were incubated for 90 min at 378C with anti-a-tubulin monoclonal antibody (Sigma) diluted 1:250 in PBS and then washed in PBS containing 0.5% Triton-X 100 and 0.5% bovine serum albumin. After this embryos were incubated in FITC-labelled goat anti-mouse antibody (Sigma) for 60 min at 378C.
For staining of microfilaments, fixed embryos were incubated in 1 mg/ ml FITC-labelled phalloidin (Sigma) for 60 min at 378C and then washed several times. For detection of DNA, embryos of both groups were stained with Hoechst 33342 (5 mg/ml) in PBS. All samples were analysed under a Leica DM IRB inverted microscope fitted with appropriate filters.
Statistical analysis
The comparisons for multigroup and multifactorial analyses were done with a two-way analysis of variance (ANOVA) and one-way ANOVA on ranks for multiple group comparisons. Tests of significance were conducted by unpaired Student's t-test. A value of P , 0.05 was chosen as an indication of statistical significance.
Results
Spontaneous and electroactivation of mouse and rat MII oocytes
First, one group of oocytes from each mouse or rat was used for estimation of spontaneous activation (control group) and another group was used for activation by electrical stimuli. We evaluated the efficiency of pronuclei formation and cleavage rate in oocytes exposed to electric fields with increasing voltage (Table I) .
After 3 h incubation, only 9.4% of mouse oocytes extruded sPB, 6.3% formed a pronucleus and none of them developed in vitro until the 2-cell stage. In rats, 97.4% of cultured oocytes extruded sPB and about 13% formed a pronucleus.
An electric field of 60 V, compared with 30 V, resulted in significantly greater efficiency of pronuclear formation (94.9 versus 71.8%; P , 0.01) in mouse oocytes but also in a lower in vitro cleavage rate of these embryos (5.4 versus 39.3%; P , 0.001).
Efficiency of pronuclear formation (35.3%) induced by electrical stimulation in rat oocytes was only achieved using the higher voltage of 60 V while the lower voltage (30 V) did not induced any pronuclear formation at all.
Strontium activation of DC-treated mouse and rat MII oocytes
To determine the possible effect of an electric field on the efficiency of activation, mouse and rat oocytes were exposed to electric fields and then immediately activated by strontium. As a control, freshly isolated oocytes were immediately activated using the same activation protocol (Table II) .
There was no significant difference in rates of pronuclei formation among all groups in both species. That means that electric fields did not affect the activation induced by strontium. However, the cleavage rates of electric-treated and strontium-activated mouse oocytes were significantly lower for both groups compared with the control. The higher voltage (60 V) resulted in a significantly lower cleavage rate (33%) in mouse oocytes compared with the lower voltage (30 V, 87.5%).
Unlike the mouse, the rates of development to 2-cell stage of electric-treated rat oocytes were not dependent on the voltage (51.1-53.1%). However, these parameters were significantly lower compared with control oocytes activated only by strontium (68.7%; P , 0.05).
Effect of electric field on in vitro development of MII and pre-activated oocytes
We checked the in vitro development of MII mouse oocytes which were first electric-treated and then activated by strontium and compared them to the group of oocytes which were first activated and then exposed to electric field after pronuclear formation. As a control of development, we used MII oocytes activated only by strontium immediately after isolation. With the aim of improving the developmental ability, oocytes of all groups were diploidized by cytochalasin B treatment.
The results presented in Table III demonstrated that the higher voltages (60 V) resulted in significantly lower cleavage rates in mouse oocytes exposed to electric field and then activated by strontium compared with all other groups. MII stage oocytes treated with 30 V and pronuclear-stage oocytes treated with 30-60 V showed similar cleavage rates compared with controls.
Oocytes at MII and pronuclear stages exposed to 60 V DC did not develop to the blastocyst stage in vitro. Both types of oocytes treated with 30 V developed until the blastocyst stage without any difference between experimental groups, however, at a lower rate than the controls (P , 0.05).
Interestingly, rat pronuclear-stage oocytes were also more resistant to electric fields of higher voltages (60 V) than were MII stage oocytes. The cleavage rates of pronuclear-stage oocytes after electric field treatments were significantly higher: 72.0% (54/75) compared with the electric-treated and activated oocytes: 51.1% (23/45) (P , 0.05).
Effect of electric fields on in vitro development of rat and mouse zygotes
We examined the effect of an electric field with 30 or 60 V on the in vitro development of mouse and rat zygotes. As a control we used in parallel non-manipulated zygotes (Table IV ). An electric field of 60 V resulted in significantly lower cleavage rates in mice and rats (40.2 and 66.9%) compared with the control groups (90.1 and 97.8%). Mouse zygotes exposed to a DC pulse at 60 V were completely blocked at the 2-cell stage whereas a few rat zygotes could develop until morula/blastocyst stages. Mouse zygotes exposed to electric fields with 30 V developed until the morula and blastocyst stages but at a significantly lower rate compared with the control group (P , 0.001). We did not find any differences in total cell numbers in mouse blastocysts which were in vitro developed from zygotes exposed to an electric field of 30 V [51.6 + 3.1 (n ¼ 26)] compared with controls [48.6 + 2.4 (n ¼ 37)].
Rat zygotes were more resistant and showed no differences in developmental ability between controls and embryos exposed to an electric field of 30 V.
Electrofusion of 2-cell stage embryos and their in vitro development in mice and rats
The effect of electric field with voltages of 30 or 60 V on fusion rate and development of fused embryos in vitro until the blastocyst stage was investigated in mouse and rat ( Table V) . As a control, we used non-manipulated in vitro developed 2-cell stage embryos (Fig. 1) .
The rates of fusion, cleavage and development till morula of mouse 2-cell embryos were the same in both experimental groups regardless of electrofusion parameters and were comparable with control. However, the high voltage of 60 V resulted in a significantly lower development until the blastocyst stage compared with other experimental and control groups.
Cells were counted in blastocysts developed from untreated and electrofused 2-cell mouse embryos. The number of cells in blastocysts from fused embryos was half [23.0 + 1.6 (n ¼ 9)] that of the control embryos [48.7 + 4.9 (n ¼ 26)].
In rats, the maximum rate of fusion was observed when 2-cells were exposed to a current of 60 V. At the same time, the cleavage rate of fused embryos and their in vitro development until morula and blastocyst stages were significantly higher for control embryos and embryos exposed to 30 V compared with those exposed to a DC of 60 V (P , 0.05).
Microtubules and microfilament distributions in mouse 2-cell stage embryos treated with electric field
Mouse zygotes of the experimental group were exposed to a DC pulse at 60 V then cultured overnight in vitro in M16 in parallel with controls (non-treated embryos) and used for staining. For comparison of microtubules and microfilament distributions, about 20 embryos from treated and control groups were analysed. Embryos of this experimental group showed microtubules and microfilament distributions similar to those in control embryos (Fig. 2) . The effect of electric field on ROS production in mouse 2-cells For estimation the levels of ROS, we formed groups from two blocked 2-cell embryos developed in vitro from zygotes exposed to DC pulse at 60 V and two control embryos. In total, 20 treated and 20 non-treated embryos were investigated. The presence of nuclei was confirmed under UV light after Hoechst staining. The level of ROS was detected simultaneously in all embryos of each group using the DCHFDA staining. Markedly brighter fluorescence was detected in mouse 2-cell embryos developed from zygotes after electric field treatment than in control embryos (Fig. 3) . 
Effects of electric fields on preimplantation embryos
Discussion
One of the most popular techniques in different biotechnological experiments with mammalian gametes and preimplantation embryos is application of an electric field. Depending on the research purpose, early embryos at different developmental stages such as MII oocytes, pre-activated oocytes, zygotes and 2-cells can be used for various manipulations using electric fields.
However, only a few studies have been performed about the possible effects of electric fields on viability of treated gametes and embryos and the data available in the literature are quite contradictory. Simultaneously, little is known about the possible species-specific differences in sensitivity to electric stimulation of early embryos at different developmental stages.
A recent study has shown that after electrical activation of porcine oocytes, the cleavage rate was increased in the 1.5 and 2 kV/cm groups compared with 1.0 kV/cm, but blastocyst development was not significantly different among groups. A longer duration of electric pulse improved rates of both cleavage and blastocyst formation (Koo et al., 2008) . In addition, the cleavage rate in vitro was also improved in cloned caprine embryos activated with 2.33 kV/cm compared with that activated with 1.67 kV/cm (Shen et al., 2006) . At the same time other authors believe that electrofusion cannot be used for nuclear transfer experiments in mice, because the mouse oocytes are more susceptible to detrimental effects of electrical stimuli than oocytes from other species (Wu et al., 2007) .
The results of our study showed that an electric stimulus induces activation in mouse and rat MII oocytes but the efficiency of pronuclear formation and the cleavage rate were different between species and dependent on the voltage of the electric field. Thus, the higher voltage (60 V) which was efficient for activation and cleavage rate in rats also resulted in higher pronuclear formation for mouse oocytes but dramatically decreased their further development until the 2-cell stage. However, a low DC pulse at 30 V did not induce activation in rat oocytes at all but was quite effective for mouse oocytes.
We also investigated the effect of electric fields on mouse and rat MII oocytes regarding further parthenogenetic activation by strontium, one of the most popular and effective activators. Exposure of mouse and rat oocytes to electric field before strontium activation did not affect pronuclear formation but significantly decreased the cleavage rates for both species.
Investigation of development of mouse activated diploid oocytes until the blastocyst stage in vitro confirmed the detrimental effect of electric field on early embryogenesis in mice. Pre-activated pronuclear-stage oocytes were more resistant than MII oocytes in mice and rats. We also demonstrated that exposure to electric fields for mouse and rat zygotes significantly decreased development in vitro in a dose-dependent manner and mouse embryos were more sensitive than rat embryos.
Extensive studies have been performed to find optimal parameters of electric fields at different conditions for fusion of 2-cell embryos with the aim to produce tetraploid embryos in various species such as mice (Kubiak and Tarkowski, 1985; Suo et al., 2009) , rabbits (Ozil and Modlinski, 1986) , hamsters (Suzuki et al., 2001) , cattle (Curnow et al., 2000) and rats The results of one study performed in cats showed the effects of electric field strengths on fusion and in vitro development of cat embryos derived by SCNT. The authors found an increase in the cleavage rate of fused embryos with an increase in the electric field strength. However, there were no differences among groups with respect to the rate of development to the morula and blastocyst stages in vitro (Karja et al., 2006) . In contrast, recently, detrimental effects on cleavage rate and development to the blastocyst stage of fused 2-cell stage mouse embryos were demonstrated (Suo et al., 2009) . Interestingly, electrofused hamster 2-cells did not even exhibit further cleavage (Suzuki et al., 2001) .
In our experiments, we also found that a higher electric field strength decreased embryo viability. However, at optimal parameters the development of fused 2-cell embryos until the blastocyst stage was comparable with the control in both species, allowing us to conclude that these embryos are more resistant to electric fields. Probably this increased tolerance of mouse and rat 2-cell stage embryos to electric field compared with oocytes and pronuclear-stage embryos correlates with various membrane properties as was previously published for rabbit oocytes and zygotes (Arnold et al., 1989) .
It has been shown that electrofused and blocked 2-cell stage hamster embryos demonstrated dynamic changes of the cytoskeletal distribution (Suzuki et al., 2001) . In contrast in our experiments, we did not find any differences in microtubules and microfilament distributions in blocked 2-cell stage embryos that developed from electrotreated zygotes.
Another recent study has shown that electrical activation of oocytes induces ROS in porcine embryos. A longer duration of the electric pulse induced higher level of ROS but without detrimental effect on embryo viability (Koo et al., 2008) . In our experiments, we found a dramatic increase of ROS in embryos after exposure to electric fields of 60 V and increasing levels of ROS were associated with decreasing of embryo viability. It is well known that ROS can induce a development block and retardation of preimplantation embryos (Guerin et al., 2001) . Therefore, the detrimental effect of the electric field in our experiments may be mediated by ROS.
In summary, we found stage-dependent and species-specific differences in sensitivity to electric field in mouse and rats. Activation of MII oocytes in mice and rats depends on parameters of the electric field. Pronuclear stages such as pre-activated oocytes and zygotes are more stable than oocytes at the MII stage. Embryos at the 2-cell stage are more resistant to electric field in both species because the electric field induced the fusion of blastomeres and the formation of tetraploid embryos and these embryos could develop in vitro until the blastocyst stage. From a practical point of view, parameters of electric field chosen for one mammalian species cannot be transferred to another and should be optimized depending on the aims of experiments and stage of embryos used especially in human oocytes and embryos.
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